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Abstract
Phenomena associated with microscale electrophoresis separations cannot, in many cases, be 
applied to the nanoscale. Thus, understanding the electrophoretic characteristics associated with 
the nanoscale will help formulate relevant strategies that can optimize the performance of 
separations carried out on columns with at least one dimension below 150 nm. Electric double 
layer (EDL) overlap, diffusion, and adsorption/desorption properties and/or dielectrophoretic 
effects giving rise to stick/slip motion are some of the processes that can play a role in determining 
the Efficiency of nanoscale electrophoretic separations. We investigated the performance 
characteristics of electrophoretic separations carried out in nanoslits fabricated in poly(methyl 
methacrylate), PMMA, devices. Silver nanoparticles (AgNPs) were used as the model system with 
tracking of their transport via dark field microscopy and localized surface plasmon resonance. 
AgNPs capped with citrate groups and the negatively charged PMMA walls (induced by O2 
plasma modification of the nanoslit walls) enabled separations that were not apparent when these 
particles were electrophoresed in microscale columns. The separation of AgNPs based on their 
size without the need for buffer additives using PMMA nanoslit devices is demonstrated herein. 
*Corresponding Author: ssoper@email.unc.edu. 
Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.analchem.5b04065.
Summary of nanofluidic device fabrication; characterization of nanofluidic device fabrication; LSPR image for tracking a single 60 
nm AgNP electrophoretically traveling through 150 nm deep PMMA nanoslits; frame-to-frame image sequences of a 60 nm AgNP 
traveling through a PMMA nanoslit at 4 different electric field strengths; histogram of 60 and 100 nm AgNPs electrophoretically 
traveling through PMMA nanoslits at 4 different electric field strengths; plot of plate numbers for the AgNP translocation times as a 
function of electric field strength; table showing size distribution and zeta potential of the AgNPs (PDF).
Notes
The authors declare no competing financial interest.
HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2017 August 14.
Published in final edited form as:
Anal Chem. 2016 April 05; 88(7): 3569–3577. doi:10.1021/acs.analchem.5b04065.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Operational parameters such as the electric field strength, nanoslit dimensions, and buffer 
composition were evaluated as to their effects on the electrophoretic performance, both in terms of 
Efficiency (plate numbers) and resolution. Electrophoretic separations performed at high electric 
field strengths (>200 V/cm) resulted in higher plate numbers compared to lower fields due to the 
absence of stick/slip motion at the higher electric field strengths. Indeed, 60 nm AgNPs could be 
separated from 100 nm particles in free solution using nanoscale electrophoresis with 100 μm long 
columns.
Graphical abstract
Over the past decade, microchip capillary electrophoresis (microchip-CE) has gained 
relevance because of its unique operating characteristics, such as the ability to assay 
hundreds of samples simultaneously, low sample and reagent consumption, and the ease of 
integrating multiple sample processing steps into a single platform.1–7 However, the 
electrophoretic separation process in microchip-CE is fundamentally similar to capillary-
based CE; the separation resolution depends primarily on differences in the electrophoretic 
mobility of the targets and reducing zonal dispersion, which is primarily determined by 
longitudinal diffusion in well-designed systems. In some cases, the lack of separation in free 
solution is circumvented by using buffer additives. For instance, because of the free draining 
behavior of single and double-stranded DNA molecules in free solution, electrophoretic 
separations require the incorporation of a 3D porous gel. Alternative additives are 
surfactants used above their critical micelle concentration to form pseudostationary phases.
Nanofluidics, which utilizes structures with one (nanoslits) or two (nanochannels) critical 
dimensions <150 nm, have provided platforms for unique electrophoretic phenomena that 
are not available in microscale environments.8,9 Nanochannels and/or nanoslits have been 
applied in many different analytical separations,10,11 manipulation and detection of single 
molecules,12 and control of molecular transport.13,14 Nanofluidics has also been used for 
electrophoresis as well. For example, it has been shown that dsDNA fragments can be 
separated in glass-based nanoslits without the need for a sieving gel when the channel 
dimensions are on the order of the Debye length (λD).15
There have been a few studies discussing the theoretical basis of nanoscale 
electrophoresis.16–18 The challenge here is that existing theories applicable to microscale 
systems do not necessarily describe fundamental nanoscale phenomena. Theories and 
experimental studies relevant to nanoscale electrokinetic separations have appeared in 
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several reports.19,20 For example, ion transport with d/λD (d = channel critical dimension) 
ratios ranging from 1 to 10 show anomalous transport behavior, such as charge-dependent 
ion mobilities due to transverse electromigration (TEM) resulting from solute/wall 
electrostatic effects.15,21–23 Pennathur and Santiago showed that electrokinetic separations 
in nanoslits were dependent on ion valence, ζ (zeta potential), ion mobility, and λD.15,21 
Garcia et al.24 reported the electrokinetic separation of Alexa 488 (negatively charged) and 
rhodamine B (neutral) fluorescent dyes in glass-based nanochannels with widths between 35 
and 200 nm. The mobility of the fluorescent dyes varied with their inherent charge and the 
extent of wall interactions.
Glass and quartz have been widely used as substrates for micro- and nanofluidic devices 
because of their well-established surface chemistry, excellent optical properties, and well-
developed fabrication technologies. All of the aforementioned nanoscale electrophoresis 
studies were performed in glass-type devices. These materials ensure an electrical insulating 
interface and provide relatively large amounts of surface charge when in contact with 
aqueous solutions generating a large electroosmotic flow (EOF).25
Recently, thermoplastics have generated interest as nanofluidic devices because of their 
biocompatibility, optical properties comparable to glass substrates in some cases and their 
ability to be manufactured in a high production mode at low-cost using nanoreplication 
modalities, such as nanoimprint lithography (NIL). NIL has proven to be successful in 
patterning structures to sub-10 nm scales,26–29 with the ultimate resolution seemingly 
determined by the minimum feature size associated with the imprinting tool.30 Several 
researchers have reported the fabrication of nanofluidic devices in thermoplastics.31–33 We 
recently reported a low-cost, high throughput scheme for the production of nanochannels 
and nanoslits in thermoplastics.34,35
Previous work has shown the ability to separate submicrometer-sized particles based on their 
unique electrophoretic mobility.36 Liu et al.37 were able to separate silver nanoparticles 
(AgNPs) in the presence of an SDS surfactant using CE; no separation was achievable using 
free solution electrophoresis. While there have been reports on the separation of spherical 
nanoparticles using conventional or microchip CE, only a few studies have reported the 
electrophoretic transport behavior of noble metal nanoparticles in nanofluidic 
domains;17,18,38 these studies used glass-based devices, however.
Herein, we report the separation of single AgNPs in thermoplastic nanoslit devices. AgNPs 
were used in this study because the localized surface plasmon resonance (LSPR) of these 
particles coupled with dark-field microscopy could be used to track their transport properties 
free from photobleaching.7 In this manuscript, we discuss the effects of polymer-based 
nanoslit depth (150 and 400 nm), salt concentration, and field strength on the electrophoretic 
properties of 60 and 100 nm diameter AgNPs.
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EXPERIMENTAL METHODS
Materials
Silicon ⟨100⟩ (Si) wafers were purchased from University Wafers (Boston, MA). 
Poly(methyl methacrylate), PMMA, substrates and cover plates were purchased from Good 
Fellow (Berwyn, PA) and cyclic olefin copolymer (COC 6017) was purchased from TOPAS 
Advanced Polymers (Florence, KY). The antiadhesion coating material, 
(tridecafluoro-1,1,2,2-tetrahydrooctyl) tricholorosilane (T-silane), was purchased from 
Gelest, Inc. (Morrisville, PA). Citrate capped AgNPs (60 and 100 nm in diameter) were 
purchased from Nanocomposix, Inc. (San Diego, CA) and suspended in an aqueous 2 mM 
citrate buffer (Fisher Scientific, Philadelphia, PA). The concentrations of the AgNP solutions 
were adjusted so that single particle events could be tracked within the PMMA nanoslits. All 
dilutions were performed using 18 MΩ/cm Milli-Q water (Millipore) with citrate buffer (pH 
= 7.0). The final concentrations were ~108 particles/μL. All solutions were filtered through 
0.2 μm membranes (Thermo Scientific Nalgene syringe filters) prior to use. Particle size 
variation was reported by the manufactures to be ~10% (CV).
Fabrication of Nanofluidic Devices
The nanofluidic devices were fabricated using procedures we have reported.32,34,35,39 
Specific information on the fabrication process can be found in the Supporting Information. 
The metrology of the Si master, the resin stamp, and the replicated PMMA nanofluidic 
device can be found in Figure S1 (see the Supporting Information).
Dark-Field Microscopy Imaging
Dark-field microscopy was used to track single AgNPs electrophoretically moving through 
nanoslits under an applied electric field. Noble metal nanoparticles such as Ag, Au, and Cu 
have unique surface plasmon resonances that depend on their size, shape, and dielectric 
constant of the surrounding medium.40,41 The AgNPs used herein have high yields for LSPR 
scattering. Compared to a single fluorescent molecule such as R6G, a 2 nm AgNP has a 104-
fold higher photon yield making them easily tracked for long periods of times without 
photobleaching issues (Figure S2).40–42
A schematic of the imaging system is shown in Figure 1A. It consisted of an inverted 
microscope (Leica DMIRB) operated in a dark-field imaging mode, a COOLSNAP B/W 
EMCCD (Photometric), an excitation condenser with a high numerical aperture (NA = 0.9), 
and a 100× oil immersion objective with an adjustable numerical aperture (NA = 1.4–0.6). A 
100 W halogen lamp was used as the excitation source. The filtered excitation light was 
incident onto the PMMA nanofluidic device and the scattered light from the AgNPs was 
transmitted through the objective and focused onto an EMCCD camera. All events were 
acquired at 3 ms exposure times with a 650 × 50 pixel region of interest that spans the entire 
length and width of a single nanoslit. A custom designed image-J macro was used to sort 
signals from aggregates of AgNPs from that of the monodispersed nanoparticles. The 
measured electrophoretic migration times were used to compute electrophoretic parameters 
of the AgNPs such as their electrophoretic mobility.
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Nanoscale Electrophoretic Separations
A PMMA nanofluidic device was mounted on a sample holder and placed on a leveled 
sample stage of the dark-field microscope. Two platinum electrodes were inserted into 
reservoirs and an electric potential was applied longitudinally across the nanoslit using a dc-
power supply (see Figure 1B). The electric fields used in these experiments ranged between 
100 V/cm and 1500 V/cm. Prior to the electrophoresis, the assembled nanofluidic device, 
which was made in PMMA, was initially primed with a 50% v/v methanol/water mixture 
followed by multiple water rinses prior to introduction of the running buffer. After the 
channels were completely filled with the running buffer, the AgNP solution prepared in 
citrate buffer was injected into an access microchannel poised on the nanofluidic device and 
electrophoresed using the appropriate field strength through the nanoslit.
RESULTS AND DISCUSSION
Single AgNP Tracking
A description of the devices used for the AgNP nanoscale electrophoresis experiments is 
provided in the Supporting Information as well as SEMs of some of these devices (Figure 
S1). A picture of a finished device can be seen in Figure 1B. In all cases, the nanofluidic 
devices consisted of a PMMA substrate containing the fluidic network and a PMMA cover 
plate. Figure S1 shows SEMs and profilometer traces of the nanoslits used as columns for 
the electrophoresis.
The probability of occupancy (P0) of an entity within a volume element can be calculated 
from
(1)
where C is the concentration of the targets (in this case, the number of AgNP per mL of 
solution) and Dv is the detection volume, which was defined as the nanoslit electrophoresis 
column (75 fL for a 150 nm deep nanoslit with a width of 5 μm and column length of 100 
μm). The concentration of AgNPs was adjusted to keep only a single particle resident within 
the electrophoresis column at a time to aid in single particle tracking. If Po = 0.01, the 
probability of double occupancy is 0.01% and thus, almost all events could be ascribed to 
single particle events. At Po = 0.01 and Dv = 75 fL, the particle concentration required to 
meet this criteria was 1.3 × 108/mL. Therefore, the particle concentration used in our 
experiments was set at 108/mL; the probability of double occupancy was minimal.
In the absence of an electric field applied across the nanoslit, only Brownian motion of 
particles was observed. However, in the presence of an electric field, the AgNPs were 
electrophoretically transported through the nanoslits. We noted that the number of particles 
entering the nanoslits per unit time was found to increase with increases in the electric field. 
Wynne et al. observed similar behavior for negatively charged polystyrene beads 
electrophoresing through a glass nanofluidic device.18 They hypothesized that for the case of 
negatively charged walls and negatively charged particles, as in our case, lower buffer 
concentrations should produce a thicker EDL resulting in particle exclusion from the 
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nanoslit. However, using the PMMA nanoslit devices and buffer concentrations employed 
herein, we did not observe exclusion effects when a certain voltage threshold was exceeded 
(see below) in spite of the fact that the channel walls and AgNPs carried negative charges.
Nanoscale Electrophoresis
Figure 1C shows the electrophoretic transport of a single AgNP in a nanoslit using an 
electric field strength of 200 V/cm and Figure 1D shows selected frames from a time-lapse 
image sequence for 60 nm AgNPs translocating through a PMMA nanoslit. The average 
time for the AgNPs to migrate through the nanoslit (length = 100 μm) was 1.3 s at this field 
strength. This corresponded to a linear velocity of 0.0077 cm/s or an apparent 
electrophoretic mobility of 3.8 × 10−5 cm2/(V s). We also observed that both the 60 and 100 
nm AgNPs migrated from anode to cathode, suggesting that the electroosmotic flow (EOF) 
induced by the nanoslit was greater than the electrophoretic mobility of the AgNPs; citric 
capped AgNPs. Citric acid is a tricarboxylic acid (pKa1 3.13, pKa2 4.77, pKa3 6.4).43 At pH 
7.4, ~90.9% of the carboxyl groups of the citrate caps associated with the AgNPs are 
deprotonated imposing an overall negative charge to the AgNPs inducing an electrophoretic 
mobility of cathode to anode movement with an EOF moving from anode to cathode due to 
the negative surface charge of PMMA following O2 plasma treatment.34
For an electrolyte, the Debye length, λD, can be calculated from
(2)
where ε0 is the permittivity of free space, εr represents the dielectric constant of the carrier 
electrolyte, kB is the Boltzmann’s constant, T is temperature of the electrolyte, nbulk is the 
bulk ion concentration, z is the valency of the ions, and e is the charge of an electron.44 λD 
can vary from a few Angstrom (Å) to a few hundred nanometers (nm). For a 2.0 mM citrate 
buffer, λD is ~6 nm while for 0.05 mM, λD is ~35 nm. At these buffer concentrations and 
considering a 150 nm slit (d), the ratio of the slit depth to λD (d/λD) is 25 for 2.0 mM citrate 
and 4.3 for the 0.05 mM citrate buffer. This indicates that predominately plug flow would be 
observed for the high concentration buffer and a more parabolic flow profile for the low 
buffer concentration in the 150 nm deep nanoslit. However, plug flow would be expected at 
both buffer concentrations for the 400 nm deep nanoslit.
Figure 2 shows histograms (100 events) of the electrophoretic migration times for the 60 nm 
(blue stripes) and 100 nm (red stripes) AgNPs transported electrokinetically through a 150 
nm nanoslit in 0.05 mM citrate buffer using applied electric fields of 100, 200, 500, and 
1500 V/cm. We observed “stick/slip” motion of the AgNPs at electric field strengths of 100 
and 200 V/cm. This effect was previously observed for DNA translocation studies in 
nanocolumns34,45,46 and arose from adsorption/desorption behavior of the solute with the 
channel walls.47–49 In addition, this stick/slip motion can arise from dielectrophoretic 
trapping as well, which results from column wall surface roughness producing 
inhomogeneity in the electric field.34
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When a negatively charged particle electrophoretically translocates through nanoscale 
columns with negatively charged walls under low buffer ionic strengths, it interacts both 
hydrodynamically and electrically with the channel walls.34 Under low electric fields, 
Brownian motion dominates with the possibility of inducing potential wall interactions even 
when the solute (AgNPs) carries a net charge similar to the column walls, which in this case 
consisted of PMMA that had been O2 plasma treated.34 However, under high fields, 
electrokinetic forces become dominant and the particle travels predominately longitudinally 
through the column with minimal wall interactions (see Figure S3).
For O2 plasma activated PMMA surfaces, the surface charge density has been reported to be 
−38.3 mC/m2, yielding ζ of −57.1 mV, but these values are highly dependent on the dosing 
level of the plasma (time and power).34 For O2 plasma treated PMMA nanofluidic devices, 
there was a propensity for the negatively charged particles to not enter the nanoslits until a 
threshold (on-set) voltage was reached, which allowed the AgNPs to be continuously 
injected into the nanoslit. This onset voltage was found to be higher using low ionic strength 
buffers because of the thicker EDL compared to higher ionic strength buffers. For the 150 
nm nanoslits, the on-set voltage was found to be ~10 V/cm in a 2.0 mM citrate buffer while 
in 0.05 mM buffer, this value increased to ~20 V/cm for the same nanoslit device. In all 
nanoscale electrophoresis experiments performed using PMMA devices, we did not observe 
concentration polarization effects at the nanoslit entrance. We also note that in all cases, the 
AgNPs traveled from anode to cathode irrespective of the nanoslit dimensions and carrier 
electrolyte composition, meaning that the EOF was greater than the electrophoretic mobility 
of both AgNP sizes.
The apparent mobility (μapp) of the particles is the summation of their electrophoretic 
mobility (μep; negative sign indicates flow in the direction of the anode, eq 3) and the EOF 
(μEOF). The apparent mobility can be calculated from the nanoslit length, L, the applied 
external electric field, V, and the migration time, t (see eq 3).
(3)
Figure 3 shows μapp of AgNPs under different electrokinetic operating conditions (additional 
histograms are available in the Supporting Information; see Figure S4). The μapp values 
observed were in the range of 2.0 × 10−5 to 9.0 × 10−5 cm2/(Vs). For the high ionic strength 
carrier electrolyte, the apparent mobility of the AgNPs was higher compared to the use of a 
lower ionic strength buffer for both AgNP sizes. In addition, we noticed that as the 
nanocolumn depth approached the particle diameter, a reduction in the electrophoretic 
mobility of the AgNPs was observed (Figure 3B).
The electrophoretic velocity of a particle can be calculated using
(4)
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where ζp is the zeta potential of the particle and fH is Henry’s function (Smoluchowski 
approximation), which depends on r (radius) of the particle and its λD and represents the 
retardation effect of particles in electrophoresis.50,51 In systems with a thick λD, the 
effective electric field within the EDL cannot be considered uniform and depends on ζp and 
the ratio of r and λD.17,52
When AgNPs are in an ionic buffer such as citrate, the surface is covered with citrate ions 
acting as a capping agent to prevent agglomeration of the AgNPs. The surface groups induce 
a charge on the particle, which is represented by ζp. At 0.05 mM citrate buffer 
concentrations, ζp of the 60 nm AgNPs was approximately −43 mV and for the 100 nm 
AgNPs, it was −46 mV (see Table S1). ζp plays a role in determining the particle’s 
electrophoretic mobility as noted by eq 4.17 On the basis of the direction of the EOF in the 
O2 plasma treated PMMA devices and the observed apparent mobilities, we would expect 
the 60 nm particles to possess a smaller electrophoretic mobility compared to the 100 nm 
particles (see eq 3). However, on the basis of eq 4 and dividing νep by E, which represents 
the particle’s electrophoretic mobility, we would expect the 60 nm particles to have a larger 
apparent mobility compared to the 100 nm particles based solely on differences in ζp. The 
effects of viscous retardation, which is given by fH, Henry’s function, must be considered as 
well in terms of the electrophoretic mobility. For the 60 nm particles, fH should be smaller 
than that for the 100 nm AgNPs.17 As a note, because the EOF runs in the opposite direction 
of the electrophoretic mobility of the AgNPs due to the negative charge on the polymer 
walls following O2 plasma treatment34 and the negative charges carried by the citrate capped 
AgNPs, the apparent mobility will show lower values when the electrophoretic mobility of 
the AgNP is higher.
Napoli et al.17 reported that 100 nm polystyrene beads possessed a higher apparent mobility 
than 50 nm beads in 1 mM buffer and 250 nm deep nanoslits. There were two effects that 
governed the particle velocity; viscous retardation near a nonconducting boundary, which is 
described by fH, and the electric field effects on the particle.17,53,54 By tuning the 
concentration of the buffer, which had an effect on the particles’ and channel walls’ EDL, it 
was possible to separate nanoparticles based on differences in their size.55 Liu and co-
workers were unable to separate AgNPs based on their size (17 nm AgNPs versus 49 nm 
AgNPs; % size difference = 49%; % size difference = (size difference)/(average particle 
size)) using conventional CE; the separation was successful only upon addition of SDS to 
the running electrolyte.37 However, we were able to separate the 60 and 100 nm AgNPs (% 
size difference = 50%) using free solution electrophoresis and the polymer nanoslits (see 
Figure 2).
Determining Nanoslit Diffusion Coefficients
The effective diffusion coefficient (Deff) defines the spatial distribution function of a particle 
with time. For a particle that undergoes Brownian motion only, the Stokes–Einstein 
relation56 can be used to calculate the molecular diffusion coefficient, DT
(5)
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where kB is Boltzmann’s constant, T is the absolute temperature of the solution, and γ is the 
hydrodynamic Stokes drag coefficient of the particle, which is given by γ = 6πηr where r is 
the particle radius and η is the solution viscosity. DT values for the 60 nm AgNPs ranged 
from 7.27 × 10−12 to 9.04 × 10−12 m2/s and for the 100 nm AgNPs it was 4.30 × 10−12 to 
5.33 × 10−12 m2/s (particle diameter distribution provides the range for D values, see Table 
S1).
Experimentally, the diffusion coefficient can be determined from the electrophoretic peak 
variance (σ2) when the peak is fit to a Gaussian function and the major contribution to the 
zone variance is restricted to longitudinal diffusion. The effective diffusion coefficient (Deff) 
under these conditions is given by
(6)
While Deff should be comparable to DT when Deff is calculated using eq 6, other dispersion 
factors can come into play such as Taylor dispersion, wall–particle interactions, Joule 
heating (which is minimal in our case), or other band broadening factors that would make 
Deff differ from DT.57 Deff can also depend on other factors as well, such as ζ, λD, and 
r.52,58 We sought to evaluate Deff for the 60 and 100 nm AgNPs using nanoscale 
electrophoresis.
Time histograms for single AgNPs electrokinetically moving through the PMMA nanoslits 
could be fit to a Gaussian function (see Figure 2) to determine the total zone variance (σ2) 
from which Deff could be deduced.
The time a single particle takes to travel through a nanoslit is given by eq 3 and the variance 
of particle travel times is given by eq 6. Combining eqs 3 and 6, the following relationship 
could be derived
(7)
For each applied voltage (V), the standard deviation (σ), which is the square root of the 
variance, could be extracted from the width of a Gaussian electrophoretic peak at the point 
of inflection. σ(t) values obtained as such were converted to σ(l) by multiplying each σ 
value with the average velocity at a particular voltage.
Using eq 6, Deff of the AgNPs at different experimental conditions were calculated. Table 1 
shows the values for Deff at electric field strengths where minimal stick/slip motion was 
observed (500 and 1500 V/cm). Deff and DT were compared using Δ, which was defined as 
follows
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(8)
When the zonal variance is dominated by longitudinal diffusion, Δ will approach 1.57 As can 
be seen in Table 1, Δ values in all cases studied were >10 irrespective of the concentration of 
the carrier electrolyte and the depth of the nanoslit. Because Deff > DT, longitudinal 
dispersion was not the only mechanism giving rise to the zone variance. We suspect that the 
distribution in the particle size (see Table S1), which causes variances in the particles’ ζ, fH, 
λD, and r values, was another major contributor to zonal variance.52,58
We observed transverse diffusion (see Figure S3) during migration through the nanoslit. On 
the basis of Deff values for the 60 and 100 nm particles, they can travel ~0.5 μm and ~0.4 μm 
per frame, respectively, based on Brownian motion (for the 100 V/cm field strength and 48 
frames during the total column transit, this amounts to a total Brownian motion distance of 
19 and 24 μm for the 100 and 60 nm AgNPs). Because the nanoslit is 5 μm wide and 
approximately 100 μm in length, the nanoparticles can freely diffuse in the transverse (y-
coordinate) and longitudinal (x-coordinate) directions. However, their diffusion is restricted 
in the z-direction due to the nanoscale dimension (150 and 400 nm depth of nanoslit) and 
electrostatic interactions with the walls.
Separation Efficiency and Resolution of Nanoscale Electrophoresis
Nanoscale electrophoresis can be evaluated in terms of the theoretical plates, N, given by
(9)
In Table 2, N is presented as a function of different nano-CE operating conditions. It was 
noted that N increased with increasing electric field strength over the range of field strengths 
investigated (Figure S5); at 1500 V/cm, N increased 10-fold compared to that observed at 
100 V/cm for all nanoslits and buffer conditions investigated (see Figure S5 and Table 2). 
We could not test higher electric field strengths due to the limited frame rate we could 
achieve with our CCD.
In our experiment, we evaluated N at field strengths up to 1500 V/cm for columns that were 
100 μm in length. In conventional CE, Joule heating limits the electric field strength that can 
be used. However, because of the high surface-to-volume ratio of the nanoslits, thermal 
effects did not seem to affect N at these high field strengths compared to larger sized 
columns, for example, microchannels (see Figure S5).59 Hence, potentially higher field 
strengths can be used for nanoscale columns without observing deleterious effects in N.
When two species electrophorese in a column with average migration times, tR1 and tR2, the 
resolution of the separation is given by
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(10)
where W0.5,1 and W0.5,2 correspond to the width of the two peaks at half-maximum of the 
Gaussian peaks obtained from the histograms shown in Figure 2. The calculated resolution 
values are presented in Table 2. The optimal RS (1.1) was achieved in 150 nm nanoslits 
using 0.05 mM citrate and an electric field strength of 1500 V/cm. We noted a decrease in 
resolution at lower electric field strengths most likely due to a combination of longitudinal 
diffusion and stick/slip motion occurring at the lower electric fields.
In the absence of stick/slip motion (E > 200 V/cm), we would expect to see better 
electrophoretic resolution for these nanoparticles when d/λD < 10 and the charge on the 
nanoslit walls is the same as that of the AgNPs. Inspection of the data in Table 2 indicated 
that the 150 nm deep nanoslits produced better resolution when using a 0.05 mM citrate 
buffer compared to the higher concentration citrate buffer. In addition, the 150 nm deep 
nanoslits produced better electrophoretic resolution compared to the 400 nm deep nanoslits 
(see Table 2 for the 500 and 1500 V/cm separations). At low electric field strengths (E < 200 
V/cm), stick/slip motion affects the resulting resolution for the 150 nm nanoslits. We did not 
observe stick/slip motion of the AgNPs at all electric field strengths investigated for the 400 
nm deep nanoslits.
The high-resolution values seen for the 150 nm deep nanoslits at 0.05 mM citrate buffer also 
resulted from the effects of transverse electromigration, TEM.15,17,19 Because of 
electrostatic considerations arising from the similar charge on the walls of the nanoslits and 
the AgNPs, the particles are placed in different streamlines based upon their zeta potentials 
(see Table S1) when traveling through the nanoslits and confines their travel to those 
streamlines.15 For plug flow, the resulting velocities would be unaffected by the transverse 
position of the particle. However, in cases where d/λD < 10, parabolic flow develops and, 
thus, can impart differences in the electrophoretic mobilities of the particles improving the 
resolution as noted in our results (see Table 2), especially for the lower citrate buffer 
concentrations where the EDL would show more overlap. In addition, at the lower citrate 
buffer concentration, ζ of the two nanoparticles were different as well (see Table S1).
On the basis of the supposition that the ζ was higher for the 100 nm particles, especially at 
the lower citrate concentration (see Table S1), and due to the like charges of both particle 
sizes and the nanoslit walls, the 100 nm particles would be expected to have a higher 
electrophoretic mobility compared to the 60 nm AgNP because electrostatic considerations 
would place them closer to the channel center line where the velocity would be higher for 
parabolic flow. Indeed, this was the case upon inspection of the data shown in Figure 3. 
While the apparent mobility of the 100 nm AgNPs was smaller compared to the 60 nm 
particles, this would imply a larger electrophoretic mobility for the 100 nm particles due to 
EOF considerations (see eq 3).
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It has been reported that a decrease in RS results when transitioning from micro- to 
nanoscale electrophoresis for batch type CE experiments that are accompanied by multiple 
particle occupancy within the nanoslit.17,18 For example, Napoli and Pennathur noticed a 
decrease in plate numbers resulting in lower RS for polystyrene beads in glass nanoslits. 
They suggested that the negatively charged particles and negatively charged channel walls 
played a significant role in affecting RS.17 Also, electrostatic repulsion of the polystyrene 
beads from the channel walls pushed the nanoparticles to the center of the channel, which 
increased the local concentration of the beads within the center of the channel leading to 
changes in viscous retardation. In our case, the probability of finding more than one particle 
in the nanoslit was below 0.01% (see eq 1). Therefore, we did not expect to see changes in 
the viscous retardation due to electrostatic effects.
EOFs are typically higher in nonmodified glass electrophoresis devices compared to PMMA 
devices that have been activated with an O2 plasma.34 The surface charge characteristics and 
the effects of pH on the EOF of polymer devices has been discussed in detail in a recent 
publication by our group.34 For PMMA nanoslits, the surface charge was found to be −38.3 
mC/m2 with a ζ value of −57.1 mV. The measured EOF in the nanoslits was 0.93 ± 0.02 × 
10−4 cm2/(V s). This value was lower than that reported for fused silica.60 Considering that 
the migration time of a given particle is affected by the EOF and μep, a negatively charged 
particle will spend more time in a channel under high EOF conditions giving rise to lower 
plate numbers and therefore reduced resolution. Compared to untreated glass devices, we 
expect polymer-based nanofluidic devices to provide improved resolution for negatively 
charged entities in nanoscale electrophoretic separations due to the associated lower EOF. 
Also, because of lower surface charge and the ability to control the surface charge by 
controlled dosing of the channel walls with the O2 plasma, polymer nanoslits and 
nanochannels obviate the deleterious effects of concentration polarization.
CONCLUSIONS
AgNPs were used as a model system to investigate the utility of nanoscale electrophoresis 
using thermoplastic columns activated using O2 plasma generating negatively charged 
surface functional groups (carboxylic acids) to support an EOF. Free solution mobility 
differences for 60 and 100 nm AgNPs were observed using PMMA nanoslits ~100 μm in 
length that were not seen using a microchannel column.37 The electrophoresis separation 
differences in terms of resolution using free solution electrophoresis between the polymer 
nanoslits and the glass capillary arose from EDL overlap and electrostatic effects exerted on 
the migrating AgNP. Partial overlap of the EDL generated nonplug like flow at low buffer 
concentrations and coupled with TEM and larger differences in ζ of the 60 and 100 nm 
AgNPs at the lower carrier electrolyte concentration (see Table S1), provided separations in 
free solution that were not observed for glass microscale capillaries. In addition, the low 
EOF values associated with the thermoplastic columns provided improved resolution using 
free solution electrophoresis.
The separation of the AgNPs using PMMA-based nanoslit columns was demonstrated with a 
50-fold improvement in N using E = 1500 V/cm compared to 100 V/cm and RS > 1 in less 
than 2 s. Further improvements in the electrokinetic separation could be realized by using 
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higher electric field strengths and smaller sized column cross-sectional areas to further 
reduce deleterious effects produced by stick/slip motion and/or longitudinal diffusion.
In this work, thermoplastic columns were used, which provided several advantages 
compared to glass-based nanocolumns. For example, reduced surface charge mitigated 
issues with concentration polarization. In addition, the nanocolumns could be produced at 
low-cost and in high production modes using imprinting.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic of the dark-field microscope and the experimental setup. The sample was 
mounted on a level-controlled microscope stage. While the spider stop controlled white light 
missed the objective, only scattered light from the sample entered the objective. (B) Image 
of the PMMA nanofluidic chip and a schematic of the device with nanoslits. (C) Schematic 
of the nanoslits when an external electric field was applied. Electroosmotic flow was from 
anode to cathode while the electrophoretic mobility of negatively charged AgNPs was 
toward the anode. (D) Representation of a translocation event for a 60 nm AgNP in a 
nanoslit. Time-lapse image sequence of the single AgNP event at an external field strength 
of 200 V/cm. The particle translocation direction was from anode to cathode (same direction 
as EOF) with a translocation time for this event of 1.3 s. Dimensions of the nanoslits were 
100 μm in length, 5 μm wide and 150 nm deep.
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Figure 2. 
Histograms of translocation events for 60 nm AgNPs (blue) and 100 nm AgNPs (red) in 150 
nm nanoslits with a running buffer of 0.05 mM citrate. Each histogram includes 100 events 
at a bias voltage of (A) 100 V/cm, (B) 200 V/cm, (C) 500 V/cm, and (D) 1500 V/cm. Note 
that the time axes have different scales depending on the electric field.
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Figure 3. 
Apparent mobility of AgNPs in PMMA nanoslits. Data points corresponding to 60 nm 
AgNPs are represented in blue while 100 nm AgNPs are represented in red. Each data point 
represents the mean of 100 translocation events with the error bars depicting the standard 
deviation. Closed squares correspond to the electrophoresis data in 0.05 mM citrate buffer 
and 150 nm deep nanoslits. Closed circles represent data for 150 nm nanoslits with a 
running buffer of 2.0 mM citrate. Open squares represent data for the 400 nm deep nanoslits 
in 0.05 mM citrate buffer. (A) Comparison of the apparent mobilities in citrate buffer 
concentrations of 0.05 mM and 2.0 mM. (B) Comparison of the apparent mobilities as a 
function of nanoslit depth, 150 nm versus 400 nm.
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